Development of electric propulsion systems for torpedo applications imposes significant challenges with regards to system energy and power densities, both gravimetric and volumetric. Energy and power goals of 200 W a g and 1200 Wkg, respectively, for the overall battery system have necessitated the development of recirculating aqueous electrolyte systems capable of run-time optimized molar concentrations of both the products and the reactants. Several electrolyte operating concepts have been evaluated, ranging from closed system (no active control of the electrolyte concentration) to delayed and variable rate controlled injection of both solute (NaOH) and solution (sea water and NaOH solution). The development of an intelligent electrolyte management concept, utilizing a Replenishment Electrolyte Management System (REMS) results in projected improvements in energy density of an Al-Ago battery, for a particular torpedo application, from 100 W a g to 200 W a g , enabling the Al-Ago battery system to meet the torpedo propulsion performance requirements, which otherwise could not be met with other primary or secondary battery systems.
Background
The Navy's development of aluminum-aqueous batteries for torpedo applications has been ongoing, at varying levels of intensity, since the original patent for aluminum-silver oxide (Al-Ago) was filed in 1973 and awarded in 1976 (1). The interest in this electrochemical couple stems primarily from its capability to provide extremely high rates, in excess of 1600 mA/cm2, while maintaining very high energy densities in excess of 200 W a g (2). In 1975, the Navy began development of an advanced lightweight (12.75 inch diameter) torpedo utilizing electric propulsion employing an Al-Ago primary battery. Several Navy patents (3,4) were awarded in 1978 for improving the aluminum anode alloy, at the same time the Al-Ago couple was successfully demonstrated (5) in a 12.75 inch diameter pile cartridge configuration at 150 Wh/kg. From 1981 through 1990, the French Navy, with the support of the French contractor S m , successfully developed and demonstrated Al-Ago for a 12.75 inch diameter lightweight torpedo propulsion application, the Murene V-9. At nearly the same time, 1986-1990, the US Navy resumed development of the Al-Ago battery for a 21 inch heavyweight application, successfully demonstrating several 21 inch diameter cartridges at unprecedented current densities in excess of 1600 mA/cm2 in a 200 Whkg configuration, op. cit. (2). With the exception of the French effort, development up to this point had focused on the battery cartridge electrochemistry. Development of the electrolyte management system, required to control the thermal, hydraulic and chemical conditions of the flowing elecaolyte, began in earnest in 1992. Recent experimental efforts in the field of passive hydrocyclone gas/liquid separation enabled the Al-Ago technology to be applicable for operational scenarios over a broad power range, previously considered unattainable.
Replenishment vs. One fill
The terminology used to discriminate the different types of electrolyte management systems are subjective, therefore warranting sufficient definition at this juncture.
The battery, as a whole, consists of the battery cartridge hydraulically coupled to the electrolyte management system. The electrolyte management system consists of the electrolyte solute and solution together with the various valves, pumps, gadliquid separators and heat exchangers required to control the chemical and thermodynamic states of the electrolyte solution before, during and after the battery cartridge is discharged.
What uniquely characterizes a particular type of system is the method of integrating and activating the various components.
The Al-Ago replenishment electrolyte management system (REMS), shown schematically in Fig. 1 I ~cean/"awater 1 Subsequent to the initial miXing process, the replenishment system undergoes three (3) serial processes, depicted in Fig. 2 , to optimize the elecuolyte concentration.
electrochemical oxidation-reduction and parasitic corrosion reactions, Eqs. 1 and 2, respectively. Phase I is a 'closed system' phase. The electrolyte concentration, at this point, varies as a result of the overall Phase II is an 'electrolyte spew' phase, which initiates the flow, Q3, of electrolyte from the system via pump P I . While this happens, fresh sea water flows into the electrolyte reservoir, Vres, via the sea water hull penetration, SVl, to replace the volume discharged overboard. This action prevents the increase of the concentration of sodium aluminate, NaAlO,, at the expense of a rapid decay in the concentration of NaOH. Phase 111 is a 'replenishmenthpew' phase which consists of tbe additional flow, Q,, of high concentrate, typically 50% weight fraction, liquid NaOH from the replenishment tank, Vrep, into the electrolyte reservoir, Vres, via pump P,. This maintains the NaOH concentration of electrolyte flowing into the battery. In the event the volumetric rates of the two metering pumps are unequal, which is typically the case, ingress or egress of sea water via the sea water hull penetration, SVl, will occur.
By contrast, the one fill electrolyte system consists of only a phase I mode of operation. The electrolyte concentration profile for this system is shown in Fig. 3 . One of the attributes of the AI-Ago electrochemistry is its ability to discharge safely over a wide spectrum of electrolyte concentrations and temperatures for current densities ranging from 50 to 1600 mAIcm2. None the less, the efficacy of this system, particularly the cell voltage, E, is strongly dependent on the relative concentrations of the sodium hydroxide and sodium aluminate, as can be clearly represented by the Nemst Equation when applied to Eq. 1,
(3)
Thorough analyses by Moden (6) of numerous electrochemical experiments have determined that the optimum electrolyte concentration of NaOH gravitates toward 4 molar, at current densities ranging from 800 to 1600 mA/cm2. An example of this is clearly shown in Fig.  4 , which emphasizes the preference to operate on the 4 molar NaOH 'ridge'. Such excursions promote an increased rate of the parasitic corrosion reaction, Eq. 2, and the subsequent increased generation of both the H2 gas, which must be contended with via the gadliquid separator, and the run limiting NaAlO,. Based on this information, the operation of the electrolyte management system will be highly effective if it is capable of maintaining a constant 4 molar NaOH concentration while limiting the NaAlO, concentration to 2 molar.
For the sake of control and efficiency, the electrolyte temperature must also be optimized. Avoiding electrode passivation and maintaining steady, continuous electrochemical activation of the aluminum anode is realized for electrolyte solution temperatures in excess of 130°F to 15OoF, depending on the current density and the electrolyte concentration. For current densities in excess of 800 mA/cm2, temperatures in excess of 180°F are desired. Initial starting temperatures of the electrolyte solute and H20 are typically 50°F to 60°F. A temperature rise in excess of 130°F is dependent on the final electrolyte solution concentration, as is evident in Fig. 6 . The necessity for an initial startup concentration of 8-10 molar NaOH conflicts with the optimized electrolyte concentration of 4 molar, as previously shown in Fig. 4 .
Therefore, for a given discharge profile, a rapid transition from 10 molar to 4 molar is accomplished by minimizing 
volume.
It is also evident from inspection of Fig. 8 that the one fill system will never achieve its optimum 4 molar/:! molar NaOHMaAIO, concentration. Much of the NaOH cannot be utilized, rendering the one fill system inefficient.
In order to extend the run time beyond the volume limiting one fifl condition, the concentration of " 0 , and NaOH must be controlled by simultaneous dilution and replenishment of the electrolyte with sea water and NaOH, respectively.
By establishing control volumes around each REMS component depicted in Fig. l ., and performing a mass balance, assuming non deformable control volumes, results in the following relation for the molar concentration for each species, C,,.
Where the residence time, 0, for a given control volume, V, , and volumetric flow rate, (2, is defined as, Therefore, the assumption of complete mixing of each species allows for the relationship, For the electrolyte system depicted in Fig. 1, Eq. (8) is written for a control volume around each component, and again for each species traveling through the component.
What results is a series of N first order differential equations with N unknowns, solutions of which readily determine the concentration, C , , of the electrolyte at any point in the electrolyte system as a function of time. This is accomplished for any electrochemical discharge profile.
Of critical significance is the determination of two unknowns. The first is the replenishment (ingress) flow rate, Q9, of the high concentrate NaOH required to offset the mass of NaOH which is dropping as a result of the electrochemical and parasitic reactions. This can be written in the form,
where the first and second terms in the second set of parenthesis account for the NaOH discharged overboard along with the NaAlO, and the NaOH consumed by the electrochemical and parasitic reactions, respectively. The subscript 2, identifies the state point at the entrance to the egress control volume, CV2, Fig. 1 .
The consumption of NaOH via the load current, ZM, The second critical flow to control in this system is the egress flow, Q3, used to expel the undesirable products of reaction, NaA10,. This is defined based on the operational upper limit of the " 0 , concentration, cAl02,.
This identical process has been applied to another type of aluminum-flowing aqueous electrolyte primary battery, the aluminum-hydrogen peroxide (A1-H202) battery, which can be better characterized as a semi fuel cell. The overall electrochemical reaction is 2Al+3H202+20H-=2A10?+4H20 =3.23V (13)
The Al-H202 electrolyte management system is identical to the Al-Ago REMS shown in Fig. 1 Figs. 9 and 10, the point on tfte lower left represents the one fill configuration, while the point on the upper right represents the REMS configuration. The point in the middle of each curve represents a simplified REMS configuration, it has no replenishment tank and is capable of performing only phases I and I1 of the REMS system as depicted in Fig. 2 . The Al-H,O,!.system, represented by a single point, was modeled only in the REMS configuration.
For each curve in
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2w 25M1 The advanced heavyweight torpedo propulsion requirements are consistent with the upper point on the 'AlAgo 21" curve; displaying that without REMS, the one fill system would be inadequate.
In practical application of the REMS, however, mors associated with controlling Q, and (22, measuring load current I,&, determining the leakage current, Iand projecting the coulombic efficiency, Q , will result in increased errors in CA102, and CoH,over the course of the discharge. Therefore, for long duration applications, a closed form control methodology where concentration is determined explicitly is required.
One method of determining CA,, and CoH, is presently under investigation by the author. Conducting a number of experiments involving the measurements of the electrolyte conductivity, viscosity and temperature, it appears feasible, using correlations developed by Van Zee (7) involving these parameters, to determine the absolute concentration of CAlo2, and COH,.
Commercially available in-line viscometers and conductivity sensors are being evaluated to determine the accuracy and precision of this process.
Conclusion
The implementation of a REMS system for the Al-Ago battery in a torpedo application will yield a 60-70% improvement in the volumetric power and energy density over traditional one fill electrolyte management systems.
Using optimized REMS configurations, both the AlAgo and AI-H202 battery systems are projected to have comparable gravimetric energy and power densities, AlAgo having a 12% advantage. The significant difference is that AI-Ago is nearly 1.6 times more power and energy dense than AI-H202 on a volumetric basis, making this system mucb more practical for volume limited, high power applications.
